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Introduction
Unlike the many named reactions in organic chemistry, the Maillard reaction represents neither a synthetic procedure, nor a mechanistic description, but a complex network of chemical reactions. This cascade is initiated by the deceptively simple condensation of an amine with a carbonyl group, often within a reducing sugar.
The reaction was first reported in 1912, in a brief paper to the French Academy by Louis-Camille Maillard. [1] He described a very simple observation: upon gently heating sugars and amino acids in water, a yellow-brown colour developed. Although no chemical explanation was provided to account for this phenomenon, Maillard was astute enough to predict the far-reaching consequences of a facile reaction between two very common biological moieties. The predicted ramifications of Maillard chemistry have since been observed and analysed in many biological systems, and the reaction has become particularly important in food science and medicine, which each harbour an expansive literature on the effects and implications of this reaction. Recent attention has particularly focused on the role of Maillard chemistry in ageing, especially in diabetics, where sugar levels are poorly regulated. [2] This has led to the notion that inhibitors of Maillard chemistry may play a role as antiageing therapeutics. [3, 4] Despite the evident importance of Maillard chemistry, and the potential applications of unravelling and controlling its many individual steps, the complexity of the reaction network has made elucidation of the detailed reaction pathways too daunting for the mainstream chemical community, until recently. It is only over the last few years that aspects of Maillard chemistry have started to become characterized with a sufficient degree of chemical rigour to invite the interest of those who trained as chemists, as well as those studying multifarious consequences of this fascinating sequence of reactions.
A seminal review, covering all aspects of Maillard chemistry, was published by Ledl and Schleicher in 1991. [5] Since then, certain aspects of the reaction have been covered
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in some detail: for example, Maillard chemistry pertaining to food has been described by Ames, [6] [7] [8] Nursten, [9] and others; [10] [11] [12] [13] [14] [15] [16] the chemistry of Amadori rearrangement products was surveyed in 1994; [17] kinetic aspects have been recently explored by van Boekel; [18] and the capacity of Maillard chemistry for synthesis of protein-polysaccharide conjugates has been described. [19] In the medical arena, Baynes [20] and Monnier [21] have written accounts of the role of the Maillard reaction in ageing, and the potential of Maillard reaction inhibitors as anti-ageing drugs has been reviewed. [4, 22, 23] The role of the Maillard reaction in diabetes has also been reviewed. [2, 24] Maillard chemistry is the subject of several texts, including a recent monograph on the analysis of the reaction in food. [25] [26] [27] For many years, research into the Maillard chemistry of foods and that into the Maillard chemistry that takes place in the body were pursued separately, with different nomenclatures and sparse cross-references between the two sets of literature. In recent years, the two lines of inquiry have cross-fertilized one another, as scientists realize that the same chemistry which is ultimately responsible for browning a steak on a barbecue also takes place in the body during ageing, albeit at a much slower rate. In this review, a summary of the chemistry involved in the Maillard reaction is provided to orient the chemical reader, followed by highlights of developments in the last five years. Selected research from both the food science and medical literature, as well as the increasing number of research papers appearing in core chemical and biochemical journals, is included. Finally, future prospects for research in this field are considered.
The Early Stages of the Maillard Reaction
The starting materials for Maillard chemistry have generally been considered as any biological amine, especially amino acids and the lysine residue of proteins, with any sugar. Historically, attention has chiefly been focused on monosaccharides, especially glucose, fructose and xylose, and disaccharides, especially maltose and lactose. [5] However, work has also been carried out on polysaccharides, [19] and considerable recent research has been carried out on the reactive breakdown products of sugars, such as methylglyoxal. [28] Additionally, substantial research is underway to elucidate the role of fat breakdown products in Maillard chemistry. [29] These developments are discussed in detail in later sections. For simplicity, the chemistry of the Maillard reaction is here described for the best-studied case-the reaction of glucose with a simple amine.
The early stages of the Maillard reaction were elucidated by Maillard himself, Amadori, Kuhn and Weygand, Simon and Kraus, and Heyns. [5] They are summarized in Figure 1 . In a series of reversible reactions, a carbonyl group, often derived from a sugar molecule, forms a Schiff base with a biological amine, typically an amino acid, or the lysine residue of a protein. The resulting Schiff base is labile and may undergo two sequential rearrangements, yielding a reasonably stable aminoketose-dubbed the Amadori product. Amadori products have been identified in processed foods and are found on tissue proteins in the human body, and at higher levels in diabetic patients, with high blood glucose concentration. [5] The Amadori product is an important intermediate in Maillard chemistry, and the chemistry of Amadori rearrangement provides a key to understanding the intermediate phase of this reaction network. Although generally drawn as the straight-chain molecule for simplicity, the Amadori product (along with many other of the early Maillard products) can also adopt cyclic furanose and pyranose forms. [17] Formation of the Amadori product is reversible, but the half-life under biological conditions is 6-8 months.
Intermediate Stages of the Maillard Reaction
Amadori compounds undergo many of the characteristic reactions of their component sugar and amino acid-enolizations, eliminations, aldol and retro-aldol reactions, carbonyl migrations, nucleophilic additions, decarboxylations, autoxidations, Michael additions, Canizarro rearrangements, and so on-all taking place in an aqueous system. The combined set of possibilities, as an idle doodle will confirm, is much larger than the decomposition products of the sugars and amino acids alone. Thus, the apparently simple reaction of an amino group with a monosaccharide leads to a huge variety of products, in varying yields. Some substances may be formed in yields of up to 30% under favourable conditions; many others have been detected in the parts per billion range, yet still influence qualities such as the aroma of food. [ Fig. 1 . The early stages of the Maillard reaction, adapted from Ledl and Schleicher. [5] Any attempt to gain a complete picture of Maillard chemistry demands that this plethora of information be organized in a coherent manner. The first attempt to do this was by Hodge in 1953 [30] and his scheme, outlined in Figure 2 , is still widely used today as a summary of the basic reaction processes. [8, 9] Recent research has elucidated pathways, notably those involving free-radical reactions, [31] [32] [33] which are not incorporated in the original scheme, but it remains a reasonable summary of the basic processes involved. [8] More recent attempts to conceptualize the Maillard reaction include that of Yaylayan, [34] as summarized in Figure 3 . This depiction of Maillard chemistry aims to provide a system that uses chemical pools to consolidate and categorize the scattered information in the literature, and reduce the complexity of the system. Similar approaches have been adopted by those who use predictive modelling to try and control the reaction with respect to a particular outcome, [18] for example if modelling the kinetics of the browning process.
An increasing number of the molecules in this intermediate phase of the Maillard reaction have now been isolated and characterized. 5-Hydroxymethylfurfural is a typical reaction product, which has been detected in a wide variety of Maillard studies. It is used as an indicator of the extent of Maillard chemistry that has taken place in various processed food systems, [35, 36] and may occur in concentrations as high as 1 g/kg of foodstuff. [37] This has raised concerns, due to the potential mutagenicity of this compound. [37] A complete catalogue of Maillard reaction products is beyond the scope of this review, but a small selection is included in Figure 4 . It must be emphasized that these compounds represent a minute percentage of all reported Maillard reaction products, and are simply intended to illustrate the range of structures that results from the simple condensation of an aldehyde and a primary amine. In the interests of space, products of more complex amines, such as proline or tryptophan are not included; nor have products that form in the presence of sulfur-containing compounds, such as cysteine, which include very important aroma compounds.
For many years, the Maillard literature documented newly isolated and characterized structures as they were discovered, but rarely contained definitive experiments that shed light on their mechanisms of formation. Over the last 5 years, huge progress has been made in the isolation and purification of Maillard reaction products, providing enough material for the definitive elucidation of their structures using a variety of techniques, especially nuclear magnetic resonance (NMR) spectroscopy. [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] Hofmann is one of the pioneers in this area, and has made an outstanding contribution to the field. [10, [54] [55] [56] [57] [58] [59] In addition to the structural analysis of Maillard reaction products derived from model systems and food extracts, his group has provided mechanistic insights into the formation of many of the identified molecules, which are often also of relevance to those studying the reaction in vivo.
The use of labelled molecules in elegant model studies has allowed pathways of formation of isolated compounds to be proposed. For example, in Figure 5 , the proposed pathway The Amadori product and beyond, adapted from Ames, [8] based on the original Hodge scheme. [30] Note that in addition to taking part in many of the reactions in Maillard chemistry, amines also act as catalysts of sugar rearrangements and dehydrations. [ 34] for formation of an isolated chromophore (Z)-2-[furfurylidene]-5,6-di(2-furyl)-6H-pyran-3-one is illustrated. Whereas many published pathways to Maillard reaction products remain speculative, the use of specifically labelled 13 C-labelled glucose molecules and unequivocal identification of the position of the labels in the product molecule provides substantive evidence for the proposed pathway. [59] The Late Stages of the Maillard Reaction Many of the low molecular weight compounds that form during the Maillard reaction ultimately react together to form heterogeneous polymers during the later stages. These high molecular weight, highly coloured, materials are called melanoidins, and are extremely difficult to separate and characterize from any Maillard reaction mixture. The structural elucidation of the melanoidins thus remained a challenge over many decades, with little progress made. [5] Recently however, researchers including Tressl [52] have made substantial progress on the structural elucidation of melanoidins by carrying out model experiments in which the polycondensations of variously substituted pyrroles were examined in combination. The structures of the resulting mixtures were analysed by mass spectrometry and NMR spectroscopy. 13 C-labelling experiments were also employed, to characterize the products further, leading to the suggestion that regular oligomers containing up to 15-30 methine- 13 C]glucose. [59] Reproduced from Fayle and Gerrard [27] with permission. [5, 6, 16, 59, 110, 154] bridged pyrroles were formed. These results were used to propose both a structure for native melanoidins, as illustrated in Figure 6 , and a mechanistic pathway for their formation (Fig. 7) .
In addition to polymeric material formed from repeated condensation of small molecules, many Maillard products have been characterized that remain protein-bound. Such moieties are often a result of the reaction of a protein-bound amine (usually lysine or arginine) with a sugar, or sugar-like molecule. These reactions are known collectively as protein glycation, and the end-products have thus become known as advanced glycation end-products, or AGEs, especially by those researching the chemistry of ageing.
A subset of the AGEs that has attracted particular attention is that which results in protein crosslinking. Such crosslinks have been isolated from long-lived proteins such as collagen, [60] and lens crystallins, [61] where they are thought to modify the function of the protein by structural change. It has been further postulated that protein crosslinks have deleterious consequences throughout the body, and play an important role in the ageing process. [62] One of the first protein-derived Maillard reaction products isolated and characterized was the crosslink pentosidine, [63, 64] a fluorescent moiety that is believed to form through the condensation of a lysine residue with an arginine residue and a reducing sugar. The exact mechanism of its formation has been the subject of considerable debate, but pathways have recently been proposed from glyceraldehyde, by Chellan and Nagaraj, [33] and from pentoses and hexoses, by Biemel et al.; [65] these are illustrated in Figure 8 . A selection of reported AGEs is illustrated in Figure 9 . Not all of these represent cross-linked structures, for example carboxymethyllysine (CML) [66] is a common product of the Maillard reaction of lysine in tissue proteins that has been used as a biomarker for various ageing processes, [67] particularly in diabetics. [68] Some of these structures are thought to derive not directly from sugar molecules, but from sugar breakdown products such as glyoxal and methylglyoxal. MOLD (methylgloxal lysine dimer) [69] and GOLD (glyoxal lysine dimer) [70] both fit into this category.
Many of the well-characterized AGEs are acid stable. This is no coincidence: most AGEs were initially isolated from a protein that had been subject to an acidic hydrolysis prior to characterization. However, confirmation that the AGEs are genuine Maillard reaction products, not just 6 . Proposed structure of melanoidin-like polymer. [52] Reproduced from Fayle and Gerrard [27] with permission.
artefacts of the analytical procedures used to isolate them, has been obtained by recent results from enzymatic digestion of proteins in place of the acidic digestion step, [65, 71] and by immunological detection of products in situ. [72] Despite these advances, it seems that many as yet uncharacterized AGEs are likely to be unstable in acid, and thus have escaped the attention of those using the acid hydrolysis procedures. A recently reported example of such an acid-labile AGE is N ω -carboxymethylarginine, [43] which was identified after enzymatic hydrolysis of collagen.
Synthesis of Maillard Reaction Products
One approach to unravelling the intricacies of Maillard chemistry is to synthesize pure samples of putative products to provide authentic reference samples. This tactic is particularly powerful if coupled with immunological approaches to locate the product of interest in situ in a biological sample. There are two basic strategies that can be employed to generate pure samples of synthetic Maillard products. In theory, at least, the course of the reaction between an amine and a carbonyl group can be steered, in order to increase the yield of a particular molecule, which can then be purified from the resulting reaction mixture. Alternatively, these capricious starting materials may be abandoned, and a novel synthesis of a target structure devised in the conventional manner. Many of the early reaction products are small and unstable, and, like many biochemicals, make irritating targets for the synthetic organic chemist. However, as the later stages of the reaction cascade are unravelled, many challenging synthetic targets have arisen, which have begun to pique the interests of those looking for a synthetic challenge.
Amadori products have been synthesized by refluxing an amino acid in the presence of excess sugar for several hours, with subsequent isolation and purification of the product by laborious chromatography. Other techniques, such as fusion of the starting materials in their dry state, have also been employed. [17] Such methods are limited by the instability of the products, which are prone to oxidation in air, and persistently react to form products further down the chemical cascade. However, the Amadori products derived from proline and tryptophan can be prepared in reasonable yield, [17] and it has recently been suggested that Amadori chemistry is under-utilized as a preparative method in natural product chemistry. [73] During early work into Maillard chemistry, a range of crystalline Amadori products was obtained from the reaction of 4,6-o-benzylidene glucose with the appropriate amine, facilitating their study in isolation. [17] Reaction of amines with 2,3-4,5-diisopropylidenefructose also provides a successful approach to Amadori product synthesis and study of subsequent chemistry. [74] More recently, glucose-derived Amadori products have been synthesized by incorporating fully protected sugar derivatives into solid-phase peptide synthesis, [75] and generation of the glucose Amadori product of tyrosine has been reported under Pictet-Spengler conditions. [76] Glomb and Pfahler report the synthesis of a key glucose breakdown product, 1-deoxy-D-erythro-hexo-
etc.
Fig. 7.
Proposed mechanism of formation of melanoidin-like Maillard polymers from pyrroles. [52] Reproduced from Fayle and Gerrard [27] with permission.
2,3-diulose, and demonstrate its ability to modify proteins. [41] Independent synthesis of putative AGE structures has huge potential in the advancement of our knowledge in this area, which is just beginning to be realized. Structural characterization of pentosidine, by NMR and mass spectrometry, has been assisted by synthesis of this molecule using a variety of approaches, [77, 78] providing authentic samples of the compound for comparison to Maillard reaction product mixtures. Similarly, independent syntheses of GOLA and GALA, [71] lysine-arginine crosslinks formed from pentoses and hexoses [65] and aminophospholipidlinked Maillard products [79] were all used in recent studies to confirm the identity of AGEs that had been isolated from biological samples.
Factors Influencing the Maillard Reaction
In stark contrast to traditional preparative chemistry, the significance of the Maillard reaction in a particular situation is determined not by the yield of a compound, but by its effect. A few µg of product may be sufficient to characterize the aroma of a heated food; [5] AGE formation within the proteins comprising an eye-lens may alter the opacity. [80] Furthermore, the product pattern is critically dependent on the precise reaction conditions under which the reaction is occurring. Although the scope for changing Maillard reaction conditions in vivo is clearly limited, food processors have invested considerable effort in investigating the effect of process variables on the chemistry and its consequences, in terms of product quality. [65] or from glyceraldehyde. [33] The relationship between the conditions under which the Maillard reaction takes place and its specific consequences is, not surprisingly, complex. The temperature-time combination is an important parameter. For example a long, gentle heating may produce a more desirable product, in terms of colour and flavour parameters, than a short, hightemperature process. Water activity and pH also alter Maillard reaction pathways, and may strongly influence the product profile, a fact that may prove useful for food processors. [8, 81] As a general rule, model studies have focused on buffered systems in the pH range 4-7.5, [5] but unbuffered systems have also been studied; buffers themselves have been found to influence the reaction pathway, [82] [83] [84] [85] so model studies should be interpreted with caution. Pressure has also been found to affect Maillard chemistry of model systems, and in a pH-dependent way. [8] Substances that may well be present during Maillard chemistry, such as metals, [86] atmospheric oxygen, [86, 87] and Maillard inhibitors such as sulfite, [88] may all result in dramatic changes in the observed product ratios.
The Maillard Reaction In Situ
Our knowledge of the Maillard reaction, as summarized above, has largely been derived from the study of model systems-laboratory simulations of a particular situation of interest, containing a limited number of components. Typically, these contain simple mixtures of compounds, such as an individual amino acid and a sugar. [49, 55, [89] [90] [91] [92] [93] [94] [95] Other researchers have extended this concept to the use of proteins and sugars in model systems. [64, [96] [97] [98] [99] [100] [101] Ultimately, the validity of these results in the situation of interest must be tested, whether this be in a food processing plant or within the kidney of a diabetic patient. The vast number of interfering substances present in even the simplest of biological systems, coupled with the acute sensitivity of Maillard reaction product ratios to reaction conditions, renders this problem a considerable challenge. Thus, whether the conclusions reached in model studies in any way represent reality is open to question. There remains a large gap in our knowledge that must be filled in order to relate the results of chemically defined experiments to those less defined studies that better mimic a given physiological or food-processing situation. The use of antibodies for the detection of Maillard products has begun to find wide application in the medical field, [47, [102] [103] [104] [105] [106] [107] [108] and goes some way to addressing this problem, but ultimately the reaction must be studied in the situation of interest-usually in food or in the human body. [27] Maillard chemistry takes place in nearly all food, especially food that contains high levels of sugars or fat, which has been cooked. [8] It affects many of the sensory properties of food during storage and processing. These include: changes in colour, particularly browning and, to a lesser extent, fluorescence; production of aroma and flavour compounds; production of bioactive compounds, both beneficial and toxic; loss of nutritional quality, especially of proteins; and changes in texture. [26] In order to correlate changes in each of these individual properties of a particular food with Maillard chemistry, quantitative methods are required to measure each property of interest. Quantifying sensory properties is no easy task, since many of the properties that make food appealing are subjective qualities, but food scientists have established a raft of methods with which to measure individual properties of foods with some precision. [27] The Maillard reaction is so commonly associated with colour formation that it is often dubbed 'the browning reaction' or 'non-enzymic browning', the latter to distinguish this phenomenon from the equally common food browning reactions caused by polyphenol oxidase and other enzymes. [16] Often, this browning is an integral part of the food processing of interest-and 'brownness' is the quality to which the consumer responds, in bread crust, for example. Elsewhere, browning has been used as a measurable symptom of the Maillard reaction, making the large, yet simplifying, assumption that the extent of browning provides a quantitative indicator of the extent of chemical reaction.
The Maillard Reaction in Food
Hofmann [58, 109, 110] has developed the 'colour activity concept' to address the surprising lack of knowledge as to the key chromophores that evoke Maillard browning. This method facilitates evaluation of the most intensely coloured chromophores of any Maillard reaction, without the need for knowledge of their chemical structures. Early results suggest that, despite the complexity of the network of browning reactions, large proportions of the total colour observed may be accounted for by a few key chromophores. This allows the challenging structural elucidation experiments, such as those summarized in Figure 5 , to focus on those compounds known to be responsible for producing colour. A selection of reported advanced glycation end-products that have been identified in tissue proteins. [23, 64, 65, 71, 130, 155, 156] In addition to the often desirable colour of foods that derives from the products of the Maillard reaction, many aroma and flavour compounds are to be found amongst this complex network of molecules. Maillard chemistry plays a role in forming the distinctive flavours of many foods and beverages-among them chocolate, [111] coffee [112] and bakery products. [113] In fact, the aroma of most foods that are subjected to baking, roasting and grilling will contain Maillard reaction products. Almost invariably, hundreds of volatile compounds have been isolated from each food studied. [5] The food industry has invested great effort in trying to create synthetic flavours and aromas by reconstituting combinations of these compounds, so called 'aromagrams', during processing. This approach has met with limited success, since the subtleties of flavour perception are many and varied, and the detection of these compounds, however sophisticated the separation system might be, must by necessity use a human nose as a detector. [114] Considerable progress has been made using the concept of 'odour activity', analogous to the colour activity concept described above, which is a parameter relating to the threshold concentration at which a compound must be present before its odour is detectable. [115] Although the effect of the Maillard reaction on colour, flavour and aroma is well documented, the effect on food texture has attracted less attention. However, increasing evidence suggests that protein crosslinking chemistry takes place within food systems [116] which may have profound effects on food texture. [117] [118] [119] [120] [121] This emerging area of research is likely to offer new methods for the manipulation of texture in processed foods.
Amongst the catalogue of Maillard reaction products, there lurk many bioactive compounds, some of which may be beneficial, for example, with anti-oxidant properties, [16, [122] [123] [124] and some anti-nutritional [125] or toxic. [126] Although our understanding of the chemistry of formation of these compounds remains in its infancy, there are enormous potential benefits of understanding and controlling the Maillard reaction in such a way that beneficial compounds could be produced in the absence of unwanted or toxic compounds.
In addition to the effects of toxic, or anti-nutritional, [16] products of the Maillard reaction, the nutritional quality of foods may be damaged by the Maillard reaction during processing. This can occur for two main reasons. First, aggregation of proteins on heating is known to decrease protein digestibility and is exacerbated by Maillard reactions. [127] Second, the Maillard reaction often leads to the loss of amino acids, especially lysine. Since lysine is often the limiting nutrient in a diet, its irreversible loss during Maillard chemistry can have a damaging effect on the overall nutritional value of a food. [16] There is also mounting evidence that AGEs consumed in the diet of diabetics pose an added risk factor for those with renal impairment. [128] 
The Maillard Reaction in Medicine
The study of the Maillard reaction of proteins has its origins in food science, where problems of colour development and loss of nutritional quality during the processing of foods containing reducing sugars and proteins has long been a concern, especially in dairy products. [6] The importance of the Maillard reaction of proteins, or protein glycation, in vivo, became clear upon the discovery of glycated haemoglobin. [5] As was noted in an early article by Furth and Harding: in the food industry, 'glycation is bad news, because proteins that are modified by sugars tend to turn yellowy-brown on standing. … It now seems that we too go yellowy-brown on standing-on ageing, that is.' [129] Not surprisingly, the problems associated with sugar damage to proteins are exacerbated in diabetics, and protein glycation is a very active area of research in the diabetes field. [2, 24, 130] It is worth pausing to note that glycation chemistry in vivo is fundamentally different from the better studied phenomenon of protein glycosylation, in that the latter is carefully controlled by enzymes, whereas the former is a result of the spontaneous reaction of a sugar and a protein in a Maillard event. [129] Protein glycation happens at a much slower rate than protein glycosylation, but is still significant over the lifetime of a protein. Glucose, the predominant sugar in the body, is the least reactive of the aldohexoses to Maillard chemistry, due to its preference to exist in an unreactive cyclic form. This limits the amount of deleterious Maillard chemistry that takes place in cells. Indeed, there has been suggestion that this factor may have played a role in evolution, with glucose emerging as the primary metabolic fuel in biology due to its comparatively low reactivity towards protein. [131] Amadori products and AGEs have been detected in longlived proteins in vivo, particularly in collagen and the crystalline proteins of the lens, but are also found in shorterlived plasma proteins and in intracellular enzymes, in fact in any protein exposed to glucose. The Amadori product levels have been measured and appear to remain almost constant in a normal ageing lens, but occur at much higher levels in diabetic and senile cataractous lenses. [33] Many tissues develop increased AGE content during ageing, making moieties such as pentosidine and carboxymethyllysine useful biomarkers for Maillard damage to proteins in vivo. [132, 133] Crosslinking AGEs are thought to influence the elasticity of the extracellular matrix. Increasingly, high levels of AGEs are being associated with specific pathologies, such as cataract formation, Alzheimer's disease, amyloidosis, artherosclerosis, diabetic retinopathy, [33] pulmonary fibrosis and male erectile dysfunction. [130, 134] The chemistry of the Maillard reaction in vivo is the subject of increasing literature scrutiny. In early work, the role of glucose as the participating sugar in protein crosslinking reactions was the primary focus, along with related molecules, e.g. ribose and ascorbate. [63, 135, 136] However, more recently, attention has been directed toward α-dicarbonyl compounds such as 3-deoxyglucosone, and glycolytic intermediates such as sugar phosphates, methylglyoxal and glyoxal, as these have been found to be active protein crosslinkers in vitro and in vivo. [137] [138] [139] [140] The mechanisms of glyoxal and methylglyoxal generation in vivo have been investigated, with a number of works describing the generation of dicarbonyls by glucose autoxidation [141, 142] or by degradation of an Amadori product. [143] Researchers have suggested that methylglyoxal and glyoxal can be generated from the degradation of the Schiff base adduct that is initially formed on reaction of sugars with an amine (Fig. 1) . [28] Methylglyoxal can also be formed by enzymatic routes, from dihydroxyacetone phosphate and glyceraldehyde 3-phosphate. [144] Another emerging area in both the food and medical arena is the role of lipids and their oxidation products in Maillard chemistry in vivo. Many products of lipoxidation are evidently able to undergo Maillard-type chemistry to form what have been dubbed 'ALEs', or Advanced Lipoxidation End-products. Whether a particular product that has been isolated from a biological specimen is an AGE or an ALE can sometimes be rather arbitrary, which has led to a rather stylish new acronym-EAGLE-Either an Advanced Glycation or an advanced Lipoxidation End-product. [20] The relative importance of ALEs and AGEs is still under debate, as is the relative impact of 'traditional' Maillard-type reactions and free-radical chemistry in the ageing process. [20, 24, 33] It is becoming evident that glycated proteins are themselves a source of radical chemistry. [33, 145] AGEs can bind to specific receptors on cells-RAGES-and cause oxidative stress, usually resulting in damage to the affected tissues [33] by triggering the production of reactive oxygen species. [71] The body has mechanisms to deal with harmful protein chemistry. Most proteins are turned over in the body on a timescale that prevents a build-up of damaged tissues. Thus it is only in in vitro simulations or in long-lived proteins that accumulated deleterious chemistry can be witnessed. Other in vivo mechanisms to repair Maillard damage have recently been discovered. Fructose amines, a product of the Maillard reaction of fructose, have recently been found to be metabolized in vivo. [146, 147] The Amadoriases are a novel class of enzyme that catalyse the decomposition of Amadori products. [148] [149] [150] [151] [152] To date, characterized enzymes act upon glycated amino acid substrates, with little or no activity on glycated proteins. However, this is most likely to be a reflection of the substrates used to screen organisms for their activity. The discovery of an Amadoriase that acts on glycated protein in vivo cannot be far away.
Future Directions
As the chemistry of ageing, and the biochemistry of repair, become increasingly well understood, the potential for reversing the chemistry of AGEing increases, raising the tantalizing possibility of anti-ageing therapeutics. Amadoriases have already been patented due to their possible role in anti-ageing gene therapies. Additionally, several new compounds have been described in the literature which are purported to prevent or reverse in vivo Maillard chemistry, and thence alleviate the symptoms of ageing. Some of these compounds are in clinical trials and undoubtedly reduce pathological effects in animal models, [153] although their mechanism of action remains hotly debated. [3, 4, 22] In both food science and medicine, the bottleneck in controlling the Maillard reaction and its many consequences remains an understanding of the underlying chemistry behind these many and varied processes. Chemists are ideally placed to take up this continuing challenge.
